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It is argued that a well measured double neutron star binary in which the two neutron stars are
more than 4% different from each other in mass or a massive neutron star with massM
∼
> 2M⊙ would
put in serious doubt or simply falsify the following chain of predictions: (1) nearly vanishing vector
meson mass at chiral restoration, (2) kaon condensation at a density n ∼ 3n0, (3) the Brown-Bethe
maximum neutron star mass Mmax ≈ 1.5M⊙ and (4) Smolin’s ‘Cosmological Natural Selection’
hypothesis.
I. Introduction:— Brown and Bethe (BB) [1] proposed
a simple scenario on how black holes are formed in stellar
collapse in the presence of kaon condensation in dense
compact-star matter and deduced the maximum stable
neutron star mass MBB
max
≃ 1.5M⊙ above which all mas-
sive stars will collapse to black holes. This scenario
which predicted about five times more light mass black
holes than the standard scenario without kaon conden-
sation [2, 3] has recently been given a strong support by
more rigorous calculations and observations [4].
In this note we would like to point out an intricate
web of relations between the critical density at which
kaons can condense and the equation of state of dense
compact-star matter, the maximum stable neutron star
mass, ‘maximized’ number of black holes formed in stel-
lar collapse and the humongous number of ‘pocket’ uni-
verses resulting from bouncing of the singularities asso-
ciated with the black holes as envisioned in ‘cosmological
natural selection (CNS).’ This is a wide-ranging set of
connections involving nuclear physics, astrophysics and
cosmology, the principal merit of which is that each con-
nection is falsifiable by observations, either nuclear or
astrophysical.
The predictions are these: (a) In an alternative view
to the ‘anthropic principle’ in the eternal inflation sce-
nario on the landscape of the multiverse, Smolin proposes
the theory of ‘cosmological natural selection (CNS)’ [5]
which predicts as one of its clear-cut falsifiable predic-
tions: “Find a neutron star whose mass appreciably
exceeds MBB
max
. Then it will count against the CNS
scnario”[5, 6]. This prediction follows from the require-
ment of the theory that the number of black holes in this
universe be maximized without changing the parameters
of the Standard Model. (b) On the other hand, the argu-
ment for the Brown-Bethe maximum neutron star mass
Mmax ≃ 1.5M⊙ relies on the condensation of kaons at
∼ 3 times the ordinary nuclear matter density n0 as the
first and last phase transition in compact-star matter as
the density is increased beyond n0. The prediction [4]
is:“Find a well measured double neutron star binary in
which the two neutron stars are more than 4% different
from each other (modulo some small additional shift by
He red giant) in mass. Then the BB theory will be fal-
sified.” This prediction requires that kaons condense at
not too low a density < 3n0 and at not too high a den-
sity > 3n0. (c) Kaon condensation at ∼ 3n0 which gives
an equation of state (EOS) that when put in Tolman-
Oppenheimer-Volkov equation, leads to the maximum
stable neutron star mass of ∼ 1.5M⊙ has been predicted
in several different ways, among which the most solid
argument that we will rely on comes from low-energy ef-
fective field theory for QCD anchored on hidden local
symmetry (HLS) [7]. The HLS theory predicts that at
some high density in the vicinity of chiral restoration,
the hidden gauge coupling goes to zero due to what is
known as ‘vector manifestation (VM) of chiral symme-
try’ and hence so do hadronic interactions. Kaons con-
dense in this ‘weakly interacting’ region. The falsifiable
prediction is this: “Find a neutron star of mass ∼> 2M⊙,
whether in binary or otherwise, then it falsifies the VM of
HLS theory, which in turn falsifies the kaon condensation
at ∼ 3n0.” This prediction results because without the
VM, there can be strong repulsion at a density > n0 built
through many-body forces which will push kaon conden-
sation to much higher density and could allow transition
to color-superconducting quark star.
II. Cosmological Natural Selection:— As an explana-
tion for the complexity of the multiverse, Smolin [5] puts
forward cosmological natural selection mechanism as to
how we live in the particular unverse we are in. The
idea of the CNS scenario is that in addressing the mul-
tiverse structure in cosmology which appears to be also
supported by string/M theory, the mechanism for uni-
verse reproduction is a bouncing black hole singularity
that leads to a new expanding region of space time, i.e.
a universe, behind the horizon of every black hole. Here
while accepting a rich landscape of the kind string the-
ory suggests, the CNS scenario differs from the anthropic
principle with eternal inflation – which states that the
universe is eternally inflating, endlessly spawning ‘pocket
universes’ – in that it relies on the maximized formation
of black holes. Among a variety of conditions for forming
many black holes, there is one which concerns us, that is
that, the upper mass limit of neutron stars be as low as
possible [6]
We are not in a position, nor is it our objective, to
2address the basic questions associated with the scenario,
such as how black hole singularities bounce and repro-
duce stupendous numbers of new universes, how to re-
solve the information loss in the reproduction, how the
size of a black hole relates to the number or size of uni-
verses, whether the CNS is an alternative or superior to
the anthropic principle with eternal inflation etc. The
dispute with pros and cons for both will wage on [8], on
which we have nothing to say. What we can address is
one of the falsifiable predictions for the CNS, i.e. the
upper mass limit of neutron stars that maximizes the
number of black holes formed.
III. Maximization of Black Holes ≈ Maximization of
the Entropy:— When the Fe core of a large star drops
into a neutron star, the entropy per nucleon in the Fe
core is about unity [9]. A solar mass of such matter has
∼ 1057 nucleons, so this means an entropy of ∼ 1057kB.
Bekenstein [10] showed that black holes had entropies of
SH =
kB
4
×
surface area of horizon
(Planck length)2
(1)
which for a Schwarzschild black hole means
SH = 1.05× 10
77kB
(
M
M⊙
)2
. (2)
Thus, when Fe cores go into black holes, the entropy is
increased by a factor of 1020 per particle (although the
particles have gone into ‘nothingness’ when they went
into a black hole. Still, the entropy is on the surface
(event horizon)).
Now a fundamental law of nature is that a system
moves toward equilibrium in such a way as to maximize
the entropy. Therefore, the maximum number of black
holes does the best, so far, in moving towards equilib-
rium.
In maximizing the number of black hole formations,
there are two questions to be posed: One, what is the
lowest upper mass of neutron star?; two, what is the
maximum upper mass ?
IV. Carbon Abundance and the Lowest Upper Mass
(LUM)— We start with the LUM. Can it be lower than
say 1.4 M⊙?
First of all, we cannot lower the maximum neutron
star mass much because the existing Hulse-Taylor pulsar
has mass 1.44M⊙. But if we could, would we want to?
The answer is no, because lowering it would get in the
way of carbon (and, therefore, oxygen) production. In
addition to minimizing the upper limit of neutron stars,
at the same time the production of massive stars must be
extremized, in order to produce the maximum number of
black holes. The production of massive stars depends on
processes of cooling that involve carbon and oxygen.
The argument on the carbon abundance goes like
this [11]: Carbon is formed out of 3 α-particles, the pro-
cess being enhanced when two of the α-particles go into
an unbound resonance stage of 8Be,
α+ α+ α −→ α+ ∗8Be −→ 12C. (3)
Carbon is removed by a two-body process
12C+ α −→ 16O. (4)
Now any carbon not removed by this process must burn
in processes such as
12C + 12C −→ 24Mg, (5)
the 24Mg going into a variety of elements. The point
that is important for us is that whereas the reactions (3)
and (4) proceed at a temperature of 20 keV, reaction (5)
requires 80 keV because of the much greater Coulomb
barriers. Now this latter process (5) at such an energy is
accompanied by loss of entropy, because neutrino pairs
ν + ν¯ have an emission cross section which goes as T 11,
and the temperature is high enough so that the amount
of entropy carried off is ∼ 1/3 of that in the original star.
However, the basically three-body process (3) goes as ρ2
and the removal of 12C in (4) goes as ρ where ρ is the
density. As the zero age main sequence (ZAMS) mass
in stars increases, the density goes steadily downward,
favoring (4) against (3). In our Galaxy, the two processes
become equal at ZAMS mass ∼ 18M⊙ (just the mass of
Sanduleak-69◦202, the progenitor of SN1987A). The 12C
has been removed nearly as quickly as it has formed.
Now the point is that black holes start forming at a
ZAMS mass just slightly above the minimum in carbon
abundance. When the central carbon abundance drops
below 15%, there is not enough energy for convective
(steady) carbon burning. Thus, entropy is no longer
carried off by reaction (5). But the total entropy in-
creases with increasing ZAMS mass. This can only hap-
pen through increasing the mass of the Fe core, which
has an entropy of ∼ kB per nucleon [9]. This increase in
the mass of the Fe core causes the star to go into a black
hole.
In fact, from the mass cut necessary to produce the
∼ 0.075M⊙ of Ni in SN1987A explosion, Bethe and
Brown [2] reconstructed the explosion, determining the
upper limit on the gravitational mass of the progenitor
as 1.56 M⊙. Reconstruction of how this progenitor went
into a black hole was made by Brown and Weingart-
ner [12].
Were the lowest upper neutron star mass as low as, say,
1.4M⊙, we would have more black holes but we know that
the Hulse-Taylor binary with pulsar of 1.44M⊙ exists, so
Nature would rule it out. Furthermore even if it were
possible, the black holes will begin forming at a ZAMS
mass less than 18M⊙. This would begin cutting out the
12C that exists up to the ZAMS mass at which black
holes are born.
There is, however, a complication. Namely, stars of
ZAMS mass 18−30M⊙ do not fall immediately into black
holes as they collapse. SN1987A lived long enough to
emit neutrinos for 12 seconds. Woosley arrived at his
value of 170 keV barns for the 12C(α, γ)16O process by
reproducing observed abundances of ZAMS 25M⊙ to de-
termine this value. His value is close to the Kunz et al.
3[13] 165 ± 50 keV barns, the best measured value. The
point is that ZAMS mass stars of up to 30M⊙ have time
to burn and expel metals in the “delayed explosion” be-
fore they fall into black holes. This is discussed in detail
and in length by Brown & Bethe [1].
Schaller et al. [14] used the old Caughlan-Fowler [15]
value of 100 keV barns for the 12C(α, γ)16O reaction and
obtained the sudden drop in the central carbon abun-
dance at ZAMS 25M⊙. But the Caughlan-Fowler [15]
value of the 12C(α, γ)16O reaction is now known to be
too small and with the correct higher value the central
carbon abundance curve is as in Fig. 1.
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FIG. 1: Central carbon abundance at the end of He core burn-
ing for “clothed” (single) stars as function of ZAMS mass [11].
The rapid drop in the central carbon abundance at ZAMS
mass MZAMS ∼ 18M⊙ signals the disappearance of convec-
tive carbon burning.
The minimum ZAMS mass for black hole production
below 18M⊙ would mean that the minimum in
12C pro-
duction would come in the region of the much more copi-
ous low-mass stars. (The Salpeter mass population func-
tion goes as dN/dM ∝M−2.35.) This would mean much
less 12C production in the Galaxy.
V. The BB Scenario and Kaon Condensation:— Now
what about the maximum upper mass? This is where
the phase structure of compact-star matter figures. The
BB scenario is based on kaon condensation as the most
crucial phase transition in compact stars. Positing that
it takes place at n ∼ 3n0, BB obtain the maximum upper
mass to be Mmax ≈ 1.5M⊙.
There have been a flurry of theoretical activities on
the phase structure of nuclear matter ranging all the way
to infinite density, obtaining a landscape as rich as that
of the water. While QCD is predictive at asymptotic
density, it is moot at the densities relevant to compact
stars. The predictions made so far in the relevant den-
sity have been based on models, the validity of which has
been confirmed neither theoretically nor empirically. The
only phase transition that can be treated with some con-
fidence is fortunately the first phase transition that takes
place as the density increases beyond the nuclear mat-
ter density, and that is kaon condensation. What makes
kaon condensation accessible is that it can be treated by
effective field theories anchored on chiral symmetry. It is
our key thesis that this transition determines the fate of
compact stars either as neutron stars or black holes [4].
If kaons do condense at ∼ 3n0 as predicted, then quark
matter – with or without color superconductivity – that
can appear at higher densities in a star with M ∼> M
BB
max
would be buried in the ‘nothingness’ of black holes.
There are three density regimes where effective field
theories can be exploited for quantitative calculations:
(1) in the vicinity of n = 0 for which chiral perturbation
theory applies, (2) near n = n0 for which the Landau
Fermi-liquid fixed point theory is well established and (3)
near n ≈ 4n0 at which chiral symmetry is restored and
HLS has its vector manifestation fixed point. What is
significant is that kaon condensation takes place close to
the vector manifestation fixed point, so it is most astute
to approach it by hidden local symmetry theory. It also
lends itself to a clear-cut verification or refutation. What
hidden local symmetry theory predicts is that near the
critical density nc, all the masses of the hidden gauge
particles, the principal degrees of freedom in the energy
regime concerned, become tiny – zero in the chiral limit–
as a consequence of the hidden gauge coupling constant
going to zero.
Fluctuating from the VM fixed point, kaon condensa-
tion turns out to be quite simple [4, 16]. Imagine em-
bedding a K− in a neutron-star matter. As the density
increases, the kaon will feel the attractive force from the
medium and its mass will drop. In HLS theory, the kaon
mass will go to zero at about the same point where the
vector meson mass goes to zero. There are no kaons in
neutron-star matter but there are electrons, whose chemi-
cal potential will increase as the matter density increases.
When the electron chemical potential increases to the
level [17] at which the mass of a kaon in such dense mat-
ter would have dropped to the same level, the electron
decay to a kaon by the weak interaction, e− → K−+ νe,
becomes energetically favorable and will take place be-
cause kaons are bosons and so tend to condense, prefer-
ably in the zero-momentum state, i.e. s-wave. At this
point, the flow of the matter toward the VM fixed point
will be stopped and will be taken over by a new form
of matter, making the EOS of the matter softer. This
happens at near n ≈ 3n0 [4] giving the BB maximum
mass MBBmax ≈ 1.5M⊙. Were it much lower, then both
the Hulse-Taylor pulsar and the carbon abundance men-
tioned above would falsify the scenario.
But could it be n > 3n0 or Mmax > 1.5M⊙?
Although most well-measured binary pulsars satisfy
the bound of MBB
max
= 1.5M⊙, there are reported cases
of compact-star masses that exceed the BB maximum
mass. Up until recently, the most serious case against
4the BB scenario was PSRJ0751+1807, a neutron star in
a binary with white dwarf, with mass 2.1+0.20
−0.20M⊙ [18]
which had spurred a large number of works purporting
to rule out the kaon condensation at as low a density
as n ∼ 3n0 as well as to provide support for quark stars
with or without color superconductivity. This would have
been a clean falsification of the BB theory as well as
the CNS idea. However a recent analysis by the same
group lowered the mass to 1.26+0.14
−0.12M⊙ (see D. Nice,
talk in 40 Years of Pulsars, Aug. 12-17, McGill Uni-
versity, http://www.ns2007.org). There are other cases
of higher mass neutron stars but there are reasons to be-
lieve that as they stand, they cannot be taken as a serious
negative evidence. This matter is discussed in depth in
[4]. At present, it seems fair to conclude that there is no
“smoking-gun” evidence against the BB scenario.
A firm observation of any type of a neutron star whose
mass is greater than MBB
max
or to be safe ∼> 2M⊙ would
present a serious obstacle to the BB and CNS scenarios.
An interesting case where the web of connections can be
tested is possible gravitational wave signal from Laser
Interferometer Gravitational-Wave Observatory (LIGO).
Suppose kaon condensation fails to send a massive star
into a black hole [19]. Then a three-flavor crystalline
color superconducting (CCS) phase of QCD can develop
as the ground state of cold matter inside compact-star
matter. Such a phase can have solid state properties,
e.g., lattice structure and shear modulus, and multipo-
lar deformations in gravitational equilibrium [20]. The
breaking strain of solid in the interior of a spinning neu-
tron star with shear moduli up to 1000 times that of
conventional neutron stars [21] could give rise to observ-
able gravitational wave signals. Such a signal has been
searched for in gravitational wave search from LIGO, but
so far with no success [22].
But suppose that there is a confirmed signal for a solid
structure in the core of the star of the type predicted by
the CCS . What this could mean is as follows. Model cal-
culations show that in order for nuclear matter to make
a transition to the crystalline structure, the EOS of the
nuclear matter has to be maximally stiff [20]. While the
models used are not quantitatively trustworthy, the qual-
itative feature that requires the stiffness of EOS is likely
robust. The stiffness required for the transition then im-
plies that kaon condensation cannot occur up to a density
∼
> 7n0 [23]. This would falsify the BB scenario and put
in doubt the CNS theory. It would also falsify the vector
manifestation of hidden local symmetry which predicts
that the strong repulsion appearing at n > n0 required
for the transition from nuclear matter to the CCS state
will be suppressed as the density increases. This has been
confirmed in the soliton description of dense hadronic
matter which is valid in the large number- of- colors (Nc)
limit [24]. Thus, we uncover a web of falsifiable connec-
tions, the vector manifestation with a vanishing vector
meson mass, soft nuclear matter EOS, kaon condensa-
tion, the BB scenario forMBBmax and cosmological natural
selection for maximizing black holes.
Acknowledgments—GEB was supported in part by the
US Department of Energy under Grant No. DE-FG02-
88ER40388. CHL was supported by the BAERI Nuclear
R&D program (M20808740002) of MEST/KOSEF.
[1] G.E. Brown and H.A. Bethe, ApJ, 423 (1994) 659.
[2] H.A. Bethe and G.E. Brown, ApJ 445 (1995) L129.
[3] C.-H. Lee, H.-J. Park, and G.E. Brown, ApJ, 670 (2007)
741.
[4] G.E. Brown, C.-H. Lee, and M. Rho, Phys. Rept. 462
(2008) 1.
[5] L. Smolin, The Life of The Cosmos, Oxford University
Press, New York and Oxford, 1997.
[6] L. Smolin, Physica A 340 (2004) 705.
[7] M. Harada and K. Yamawaki, Phys. Rev. Lett 86 (2001)
757; Phys. Rept. 381 (2003) 1.
[8] See, e.g., the debate between L. Smolin and L. Susskind,
in http://www.edge.org/3rd culture/
smolin susskind04/smolin susskind.html
[9] H.A. Bethe, G.E. Brown, J. Applegate, and J. Lattimer,
Nucl. Phys. A324 (1979) 487.
[10] J.D. Bekenstein, Phys. Rev. D7 (1973) 2333.
[11] G.E. Brown et al., New Astronomy 6 (2001) 457.
[12] G.E. Brown and J.C. Weingartner, ApJ, 436 (1994) 843.
[13] R. Kunz et al, Phys. Rev. Lett. 86 (2001) 3244.
[14] G. Schaller, et al., A&AS 96 (1992) 269.
[15] G.R. Caughlan and W.A. Fowler, At. Data Nucl. Data
Tables 40 (1988) 283.
[16] G.E. Brown, C.-H. Lee, H.-J. Park and M. Rho, Phys.
Rev. Lett. 96 (2006) 062303.
[17] A possible obstacle to this scenario is the appearance of
negatively charged hyperons, e.g., Σ− in the matter at a
lower density. How this obstacle can be avoided in delayed
collapse as well as loop-holes in the stadard arguments
leading to this obstacle are discussed in [4].
[18] D.J. Nice et al, ApJ, 634 (2005) 1242.
[19] A star with condensed kaons might exhibit anomalous
cooling as discussed in the literature. However this would
require calculating the equation of state nonperturba-
tively in hidden local symmetry theory.
[20] N. Ippolito et al, Phys. Rev. D77 (2008) 023004.
[21] M. Mannarelli, K. Rajagopal and R. Sharma, AIP Conf.
Proc. 964 (2007) 264.
[22] B. Haskell, N. Andersson, D.I. Jones, and L. Samuelsson,
Phys. Rev. Lett. 99 (2007) 231101.
[23] V.R. Pandharipande, C.J. Pethick and V. Thorsson,
Phys. Rev. Lett. .75 (1995) 4567.
[24] B.-Y. Park, M. Rho and V. Vento, Nucl. Phys. A807
(2008) 28.
